Gas chromatographic analysis of volatile organic acids dissolved in lake water was conducted by using their benzyl esters, which were well separated and determined in the ng order of magnitude.
Thus, only 50-250 ml of the lake water was needed for the determination of the volatile organic acids. The identification of benzyl esters of these organic acids was conducted by combined gas chromatography-mass spectrometry. Acetic, propionic, n-butyric and lactic acids were found in the water samples from Lake Kizaki.
However, formic acid was identified only by the retention time from gas chromatography. Formic, acetic and propionic acids measured were in the range of 0-30 gC/l, 30-120 gC/l and gC/l, respectively, in the various depths of Lake Kizaki.
Gel-filtration using Sephadex G-25 was applied to determine the molecular weight distribution of dissolved organic matter of the water sample from the surface of Lake Kizaki. Volatile organic acids consisting of formic, acetic and propionic acids accounted for 59% of the dissolved organic carbon in the fraction of organic matter with a molecular weight of less than 200. Considering the short residence time as reported by several authors, the volatile organic acids were suggested to be the most ecologically significant materials in the matter cycle in the lake waters.
Introduction
Several constituents of dissolved organic matter in lake waters have been determined: carbohydrates (WEINMANN, 1970; STABEL, 1977) , amino acids and proteins (STEINBERG, 1977) and fatty acids (POLTZ, 1972) . However, only limited information is available on the abundance of volatile organic acids in fresh waters (MUELLER et al., 1958; KAMATA, 1966; WEINMANN, 1970) .
Silica gel chromatography (MUELLER et al., 1958; KOYAMA and THOMPSON, 1964; KAMATA, 1966) and paper chromatography (WEINMANN, 1970) were applied to separate several species of volatile organic acids. These methods, however, are accompanied by some disadvantages, because a large volume of sample waters is needed to conduct qualitative and quantitative analysis of these organic acids.
Gas chromatography has been widely used in the analysis of organic matter, because this analytical method offers precise identification of organic matter of aquatic environments in conjunction with massspectrometry.
Organic acids in biological materials have been studied by several workers (SIMMONDS et al., 1967 ,DRUCKER, 1970 PINELLI and COLOMBO, 1976) with the aid of gas chromatography, but few reports have dealt with the organic acids of natural waters (BETHGE and LINDST-ROM, 1974; STANLEY and STALEY, 1977) . It has been mentioned that there are several difficulties involved in avoiding the tailing of the peaks, and the ghost peak appeared during the analyses of volatile organic acids by gas chromatography.
Methyl, ethyl and benzyl esters of organic acids have been noted to display good separation by gas chromatography.
Consequently, the benzyl esters are considered to be the most promising derivatives to separate volatile organic acids in lake waters due to their appropriate boiling points for analysis by gas chromatography (KLEMM et al., 1973; BETHGE and LINDSTROM, 1974) .
The objectives of the present study are 1) to establish analytical procedures of volatile organic acids by gas chromatogra-phy after conversion of the acids to corresponding benzyl esters on the basis of the method developed by BETHGE and LINDS-TROM (1974) ; 2) to apply this procedure to the analysis of volatile organic acids dissloved in lake water; and 3) to understand the significance of volatile organic acids in terms of the dynamics of organic matter in lake water. Combined gas chromatography and mass spectrometry was employed to identify the organic acids dissolved in Lake Kizaki.
Materials and Method
2-1: Reagents: Gas chromatographically pure specimens of formic, acetic, propionic, n-butyric, caproic and lactic acids were purchased from Gaschro Kogyo Co., Ltd. Analytical grade of tetraethylammonium hydroxide was obtained from Wako Pure Chemical Industries Ltd. All of the organic solvents were used after distillation.
2-2. Gas chromatography: A gas chromatograph (Yanako Model G-80) equipped with a flame ionization detector was used. A glass column (225 cm x0.3 cm I. D.) packed with 3% SE-30 on Gas Chrom Q (100-120 mesh) was used. (2 l ) was injected into the gas chromatograph.
2-5. Gel-filtration of dissolved organic matter:
Water sample was collected from the surface layer of Lake Kizaki on Oct. 28, 1977 and evaporated to a small volume. This sample was applied to a column packed with Sephadex G-25. The dissolved organic matter was developed with water. The eluate was collected every 10 ml. A portion of the eluates was provided for analysis of organic carbon, carbohydrates, and amino acids and proteins by the dichromate oxidation method (STRICKLAND and PARSONS, 1968) , phenol sulfuric acid method (HANDA, 1966) and fluorometric method (UDENFRIEND et al., 1972) , respectively.
2-5. Identification of benzgl esters of organic acids by combined gas chromatography-mass spectrometry:
Benzyl esters of organic acids from the surface water of Lake Kizaki were analyzed by combined gas chromatography-mass spectrometry (JEOL, Model D 300) under the following conditions: helium flow rate, 20 ml/min; inlet pressure, 1 kg/cm2 ; column 3-2. Calibration curves:
An authentic mixture of 6 organic acids was esterified with benzyl bromide and then separated by gas chromatography (Fig. 2) . The quantitative determination of benzyl formate was rather difficult because its retention time was so close to that of benzyl bromide.
The calibration curves of benzyl esters of these organic acids are shown in Fig.  3 . Linear relationships between the peak heights and concentration of benzyl esters of organic acids were obtained, so it can be concluded that benzyl ester is applicable for the quantitative determination of volatile organic acids by gas chromatography. Benzyl lactate, however, showed a tailing in the gas chromatographic separation to some extent. This compromised the accuracy of the quantitative determination of this acid. Benzyl glycolate also gives considerable tailing in the gas chromatographic separation.
Moreover, benzyl glycolate gives a retention time almost identical with that of benzyl n-butyrate in gas chromatography and these compounds were never separated, even though the column temperature and the flow rate of the carrier gas were changed. Thus, trimethylsilylation of the hydroxyl group of benzyl lactate and benzyl glycolate was tried and this derivatization was found to be very helpful in the quantitative determination of these acids. Results obtained by these methods will be reported elswhere.
3-3. Identification of benzyl esters of volatile organic acids: Figure 4 shows a chromatogram of benzyl esters of volatile organic acids from Lake Kizaki. Each of the chromatographic peaks underwent mass spectrometric analysis except that of formic acid, which was identified only by the retention time of its benzyl ester in gas chromatography. The mass spectra of benzyl esters of those organic acids were shown in Fig. 5 . The molecular ions of the organic acids of peaks 2 through 5 were detected at more than 5-20% in relative intensity. The fragmentation pattern of benzyl esters of organic acid is shown in Fig. 6 . Characteristic fragment ions of organic acid benzyl ester, m/e 91(tropylium cation), m/e 108 (protonated benzyloxy radicals) , M+-107 (cleavage of benzyloxy radicals from M+) and M+-91 (HINTZE et al., 1973) which were also found to occur in our mass spectrometric analyses of authentic specimens of benzyl esters of acetic, propionic, n-butyric and lactic acids, were detected in all of peaks 2 through 5. These data clearly indicated that the compounds of peaks 2 Organic Acids in Lake Water through 5 were benzyl esters of acetic, propionic, n-butyric and lactic acid, respectively.
3-4. Application of the procedures to natural waters:
The procedures determining benzyl esters of volatile organic acids were applied to various natural waters. peaks. So far, silica gel column chromatograph has been mainly employed to determin organic acids in an aquatic environmen (MUELLER et at., 1958; KOYAMA and THC MPSON, 1964; KAMATA, 1966) . This prc cedure, however, is time consuming an has a low sensitivity in the determinatio of organic acids as shown in Table 2 . Thu a large volume of water sample was neede for the quantitative determination of vola tile organic acids (MUELLER et at., 1958 KOYAMA and THOMPSON, 1964) . Howeve only 40 ng of benzyl esters of organic acid is needed for gas chromatography.
Thus, this amount of organic acid is equivalen to 50 ml of lake water sample, if the lak water contains 10 g of a certain organi, acid per liter, and 2 l out of 100 l of rea ction mixture is injected into the gas chromatograph in each determination. In addition, the current method takes only 3 hr for each organic acid determination including the evaporation of sample water to dryness. the derivatization of organic acids and gas chromatographic analysis. Gas chromatography, combined with mass spectrometry, yields highly precise information to identify the organic acid of benzyl esters as mentioned above. Figure 7 shows an another example of the gas chromatographic determination of formic, acetic and propionic acids in water samples from Lake Kizaki. gC/l throughout the water column. In Lake Kizaki n-butyric acid has been identified by combined gas chromatography-mass spectrometry, but it was only a minor component as shown in Fig. 4 .
Benzyl glycolate revealed almost an identical retention time with that of benzyl n-butyrate.
Thus, the compound appearing at peak 4 may be contaminated with benzyl glycolate. Peak 5 showed a retention time identical to that of lactic acid. However, one-third of the organic material of this peak was contaminated with an unknown compound giving fragment ions of m/e 103, 131, 145 and 146. Both of the compounds appearing at this peak always gave an identical retention time, even in various gas chromatographic conditions. It is difficult to quantify lactic acid without further derivatization of benzyl lactate as mentioned before. Thus, quantitative determination of lactic acid is not presented here.
Few reports have been published on the concentration of volatile organic acids dissolved in lake water (KAMATA, 1966; WEINMANN, 1970) . Almost comparable figures of the values of volatile organic acids were obtained by WEINMANN (1970) in Hemelsdorfer See in West Germany, but much lower values of formic and acetic acids were found by KAMATA (1966) in Lake Kizaki using silica gel column chromatography. The difference between the concentrations of these volatile organic acids in Lake Kizaki obtained by KAMATA (1966) and in the present study is mainly due to the technical improvement in organic acid analysis. No such low value of acetic acid had ever been measured in Lake Kizaki throughout the year from 1977 to 1978. Nevertheless, the difference in biological activities of the lake waters on the two different occasions might be another reason for the difference in the concentration of these organic acids in Lake Kizaki, because the concentrations of dissolved organic matter such as glucose, acetate and amino acids are determined by the balance of the rate of input of these organic compounds to the labile dissolved organic pool and the rate of removal by bacteria (FOGG, 1971; HELLEBUST, 1974; NALEWAJKO and LEAN, 1972) .
3-5. Significance of volatile organic acids in dissolved organic matter: Water sample from Lake Kizaki was evaporated to a small volume and then ap plied to the column packed with Sephadex G-25. Dissolved organic matter was found to distribute in 220 ml to 650 ml of the elution volume as shown in Fig. 8 . The organic matter was fractionated into four fractions from 220 to 420 ml (Fraction I), 420 to 470 ml (Fraction II), 470 to 520 ml (Fraction III) and 520 to 650 ml (Fraction IV) of the elution volume.
Referring to the elution volume of some authentic compounds such as laminarine, MW=3,200, raffinose, MW= 504 and glucose, MW -180, the molecular weight of these Fractions I-IV was calculated to be>2,000, 500-2,000, 200-500 and <200, respectively. Yield of the organic matter of the gel-filtration was 73.8% on the basis of organic carbon. Distribution of carbohydrates, amino acids and proteins and volatile organic When we took the concentration of formic, acetic and propionic acids determined in the surface water collected on Oct. 28, 1977 to be as stated earlier, the combined values of these acids accounted for 59% of the organic matter in this fraction, while those of carbohydrates, and amino acids and proteins made up only 12% and 9.2%, respectively. These values, however, are somewhat exaggerated due to the underestimation of the total dissolved organic carbon in Fraction IV, because some volatile organic materials were lost during the concentration of the water sample to a small volume for Sephadex gel-filtration under reduced pressure. These facts clearly indicate that volatile organic acids are main components of the low molecular weight organic matter dissolved in lake water.
Moreover, acetic and propionic acids are considered to be one of the major organic constituents in the dissolved organic matter as a single component, because acetic and propionic acids range from 40 to 110 gC/l and from 32 to 90 gC/l, respectively, in the upper layers of the euphotic zone of Lake Kizaki. These organic acid values are assumed to be almost equivalent to, or possibly greater than, the concentrations of each component of free monosaccharides and amino acids (VACCARO and JANNASCH, 1966; BOHLING, 1970; CAVARI and PHELPS, 1977; FEIERABEND, 1978) . Thus, the volatile organic acids must play an important role in the biological transport of organic matter and/or energy in the ecological system of lake water.
Recent advances in the utilization of dissolved organic compounds have indicated that acetic acid was readily assimilated by bacteria. Residence time (Rt) of acetic acid was found to range from 20 to 350 hr in two marl lakes in Indiana (mesotrophic lake) (WETZEL, 1967 (WETZEL, , 1968 and from 4 to 40 hr in two eutrophic lakes in Michigan (MILLER, 1972) . These residence time values were much lower than those obtained for glucose in two marl lakes of Indiana (80-470 hr by WETZEL, 1967 WETZEL, , 1968 ) and two Michigan lakes (8-50 hr by MILL-ER, 1972) , although amino acids were determined to have a residence time ranging from 1.5 to 26 hr in the Michigan lakes. From these data, it can be concluded that acetic acid must be one of the most readily metabolizable organic solutes in lake waters. Hence, it is strongly suggested that acetic acid would have an important role in the dynamics of organic matter not only in Lake Kizaki but also in natural waters in general. However, except for acetic acid, there is still a lack of information as to the production and utilization rates of volatile organic acids. Thus, the concentration and metabolic rate of these organic acids must be obtained for an understanding of the significance of volatile organic acids in the metabolism of organic matter in lake waters.
4. Summary 1). Formation of benzyl esters of organic acids was investigated with quantitative determination of volatile organic acids dissolved in lake waters by gas chromatography using 3% SE-30 on Gas Chrom Q which was packed in glass column. Formic, acetic, propionic, n-butyric and lactic acids were well separated and determined in ng level. This method requires only 50-250 ml of water sample to analyze volatile organic acids. The entire procedure is completed within 3 hr, so much more time is saved than when silica gel chromatography is used, for example.
2). This method was applied to determine volatile organic acids dissolved in water samples from apond in our Insttute. gC/l (n=5) and 40.3 1.14 gC/l (n=5), respectively.
3). Combined gas chromatography-mass spectrometry was applied to identify benzyl esters of volatile organic acids dissolved in water sample from Lake Kizaki. Acetic, propionic, n-butyric and lactic acids were identified as benzyl esters on the basis of the molecular ion and characteristic fragment ions such as tropylium cation(m/e, 91), protonated benzyloxy radicals (m/e, 108), cleavage of benzyloxy radical from M+ (m/e, M+-107) and M+-91. 4). Formic, acetic and propionic acids were noted to range from 0-30 gC/l, gC/l and 0-90 gC/l, respectively, in the various depths in Lake Kizaki. 5). Dissolved organic matter of water sample collected from the surface of Lake Kizaki was separated by gel-filtration using Sephadex G-25 and analyzed for organic carbon, carbohydrates and amino acids and proteins. The eluate was grouped into four fractions, the organic matter of which had a molecular weight of over 2,000 (Fraction I), 500 to 2,000 (Fraction II), 200 to 500 (Fraction III), and less than 200 (Fraction IV). The total concentration of formic, acetic and propionic acids in the Fraction IV was 180 gC/l at the surface water of Lake Kizaki, which accounted for 59% of the organic carbon in this fraction (310 g C/l). Thus, it can be concluded that volatile organic acids are major organic components of the Fraction IV. Recent studies on bacterial utilization of dissolved organic matter in the aquatic environment suggested that acetic acid was one of the most readily metabolizable organic compounds in lake water. Thus, volatile organic acids were assumed to play an important role in the metabolism of organic matter in Lake Kizaki.
